We used di¡usion tensor imaging to investigate fractional anisotropy (FA), a measure of ¢ber tract integrity, in attention-de¢cit hyperactivity disorder (ADHD). Using a tract-based atlasing approach on six-direction di¡usion tensor imaging data, we examined FA within the cingulum, corpus callosum, corticospinal tract, fornix, optic radiations, superior longitudinal fasciculus, uncinate fasciculus, and the superior and inferior occipitofrontal fasciculi in an all-male sample of 17 children and adolescents with ADHD and 16 age-matched controls. ADHD patients had signi¢cantly lower FA in the corticospinal tract (P¼0.02) and the superior longitudinal fasciculus (P¼0.017) compared with controls. Results support that disruptions in motor and attentional networks may contribute toward ADHD pathophysiology. Future research may clarify how ADHD subtype and psychiatric comorbidities a¡ect di¡usion measures.
Introduction
Attention-deficit hyperactivity disorder (ADHD) is characterized by inattentiveness, hyperactivity, impulsivity, and cognitive deficits [1] . Disruptions in neural circuits mediating attention, motor behaviors, and executive function are thought to contribute to ADHD pathophysiology. Structural imaging studies report reduced white matter volumes [2, 3] , midsagittal corpus callosum areas [4] , and cortical thickness [5] in ADHD patients compared with controls. Fiber tract disturbances, however, are better addressed by diffusion tensor imaging (DTI). From DTI data, one can compute fractional anisotropy (FA), which reflects the directionality of water diffusion through tissue [6] . FA values range from 0 to 1 and are higher in more organized white matter fibers where myelinated tracts restrict diffusion. Higher FA is thus associated with greater fiber integrity.
White matter tracts connecting frontocortical regions and the striatum are thought to be involved in executive functioning as well as motor and oculomotor behaviors [7, 8] , and are thus implicated in ADHD. Still, few studies have examined FA within major white matter tracts in ADHD. In a voxel-based DTI study, below-normal white matter FA was seen in right premotor, right striatal, right cerebral peduncle, left middle cerebellar peduncle, left cerebellum, and left parieto-occipital regions in children with ADHD [7] . In adults with childhood ADHD, belownormal FA was reported in the cingulum bundle and superior longitudinal fasciculus [9] .
Discrepancies in earlier findings may be attributable to sample heterogeneity or differing analysis strategies. Voxelbased analyses of DTI, for example, are sensitive to potential registration confounds. We used a tract-based atlasing method to examine changes in white matter circuitry in children and adolescents with ADHD. By averaging FA within specific regions of interest (ROIs), this method is less influenced by small errors in registration and provides a potential increase in statistical power by comparing larger ROIs. As ADHD remains relatively underexplored with DTI, we applied a broad field mapping approach to investigate FA in nine major white matter tracts in ADHD patients and controls. Based on earlier findings [9] , we expected to see lower FA in the cingulum and superior longitudinal fasciculus in ADHD.
Methods

Patients
We scanned 17 patients with ADHD and 16 typically developing controls, all male and matched for age (Table 1) . Most patients were included in an earlier study on callosal thickness in ADHD [5] . ADHD and controls were recruited from local clinics, schools, and health organizations.
Additional controls were recruited from ongoing studies of normal development at the University of California, Los Angeles (UCLA) [10] . Written informed assent from the patient and consent from his or her guardian was obtained after explaining experimental protocols. The UCLA Institutional Review Board approved all experimental procedures.
ADHD diagnosis was confirmed by parental interview using Diagnostic and Statistical Manual Of Mental Disorder-IV criteria for ADHD, the NIMH Diagnostic Interview Schedule for Children Version IV (NIMH DISC-IV) [11] , and obtaining a score 41.5 SD from the mean on the Swanson, Nolan, and Pelham, version IV Rating Scale for Inattention or Hyperactive-Impulsive Scales [12] . Five patients had been taking stimulant medication at time of study, including Concerta (methylphenidate HCl, 18 mg; n¼1), Ritalin (methylphenidate, 5 mg; n¼1), Dexadrine (dextroamphetamine, 20 mg; n¼1), Adderall (dextroamphetamine/racemic DL-amphetamine salts, 15 mg; n¼1), and Straterra (atomoxetine, 20 mg; n¼1). ADHD patients ceased medication for 424 h before scanning and were excluded for taking any nonstimulant psychotropic medication. Patients with cooccurring syndromes such as fragile X, tuberous sclerosis, or generalized resistance to thyroid hormone were excluded as well. Ten ADHD patients presented with comorbid oppositional defiant disorder (ODD). Four of these 10 patients also had comorbid conduct disorder, enuresis, separation anxiety, and motor tic, respectively.
Controls were required to be free from any major Axis I mental disorder as assessed by the DISC interview [11] . Controls with a history of serious illness or closed head trauma were excluded. Children with weights or heights o5th or 495th percentile were excluded. Intelligence was estimated using the Block Design and Vocabulary subtests of the Wechsler Intelligence Scale for Children, Third Edition (WISC-III, 1991; Table 1 ) [13] .
Image acquisition and preprocessing Spin-echo echo-planar DTI was performed with a 1.5 Tesla Siemens Sonata MRI scanner (Erlangen, Germany) using six noncollinear directions of diffusion sensitization (b¼1000 s/mm 2 ) with one nondiffusion weighted acquisition (b¼0 s/mm 2 ). The DTI pulse sequence used dual bipolar diffusion gradient pulses and a double spin echo to suppress eddy current distortions. Fifty brain images (3 Â 3 Â 3 mm 3 spatial resolution) oriented parallel to the anterior and posterior commissure line were acquired for each direction, and the entire acquisition was repeated four times. T1-weighted structural images were acquired using a three-dimensional sagittal spoiled gradient echo pulse sequence (TR¼24 ms, TE¼12.6 ms, flip angle¼221, acquisition matrix 256 Â 196, FOV¼240 Â 240 mm 2 , in-plane voxel size¼1.3 Â 0.9 mm 2 , slice thickness¼1.2 mm, two averages). Structural images were corrected for intensity inhomogeneities [14] and manually skull-stripped for use in registration procedures with DTI data.
We computed the diffusion tensor within each voxel according to the methods of Basser et al. [6] using software developed at the UCLA Laboratory of Neuro Imaging. Six-parameter rigid body registrations between the b0 image and the images from each noncollinear direction at b¼ 1000 s/mm 2 were performed within each patient to correct for minor head movements. FA measures were derived from the diffusion tensor [6] . FA images were skull-stripped using rigid body registered masks from T1 data.
Nine white matter ROIs from the SPM Anatomy Toolbox [15] (http://www.fz-juelich.de/inb/inb-3/spm_anatomy_toolbox) were registered to each patient's FA map using Automated Image Registration with a 12-parameter affine registration followed by a second order (30-parameter) through fourth order (105-parameter) nonlinear warp (Fig. 1) [16] . ROIs included the cingulum, corpus callosum, corticospinal tract, fornix, optic radiations, superior longitudinal fasciculus, uncinate fasciculus, and the superior and inferior occipitofrontal fasciculi. The cerebellum was not included in all scans and thus was not analyzed. FA was averaged within each ROI without separating hemispheres.
Statistical analyses
We tested for group differences in FA using univariate analyses of variance with diagnosis as a fixed factor, mean FA within each ROI as the dependent variable, and age as a covariate. In a post-hoc analysis, previously medicated ADHD patients were removed from the analysis. Correlation analyses between FA in each ROI and hyperactivity scores (Swanson, Nolan, and Pelham, version IV; Table 1) were also performed, controlling for age. Given the paucity of studies analyzing FA in ADHD, a two-tailed a level of Po0.05 was considered significant. Table 2) . No other ROIs showed significant FA differences across groups. Removing medicated ADHD patients did not change the presence or directionality of effects, and no significant correlations were observed between hyperactivity scores and FA.
Results
FA values in each ROI
Discussion
We detected below-normal FA in ADHD patients in the corticospinal tract and the superior longitudinal fasciculus, white matter tracts involved in motor and attentional circuits. Below-normal FA has been observed in the superior longitudinal fasciculus in adults with childhood ADHD, and may be related to impaired attention and executive function [9] . Casey et al. [8] found that FA in frontostriatal white matter tracts (possibly including fibers from the superior longitudinal fasciculus) was positively correlated with task performance in a go/no-go task. Our finding could reflect below-normal myelination of the superior longitudinal fasciculus or higher than normal disorganization of fibers within the tract, resulting in impaired intracortical communication. Lower FA in the corticospinal tract could be related to observed abnormalities in motor inhibition in ADHD or dysregulation of dopamine in downstream pathways [17] . This may also be consistent with findings of reduced FA in ADHD patients in the cerebral peduncle, which includes part of the corticospinal tract [7] . Below-normal FA in the left corticospinal tract is shown to correlate with lower IQ [18] , which is part of the clinical presentation of ADHD. To our knowledge, this is the first study to use a validated white matter atlas to examine FA in children with ADHD. Our findings may differ from Ashtari et al. [7] because of differing analysis strategies or heterogeneous sample characteristics (e.g. their study included males and females). By averaging across voxels in an ROI, we may have had more power to detect FA changes across regions, but may have missed smaller, regionally localized effects.
Limitations
Although using more than six directions of diffusion sensitization is now advocated for precise FA determination [19] , bias or imprecision in FA values resulting from the use of only six directions of diffusion sensitization would affect FA measures in controls and ADHD patients equally and thus cannot lead to false positive findings. Our multiple repeated image acquisitions enhanced the precision of the FA measures, and statistically significant FA differences between ADHD and controls were detected, despite the intrinsic precision limitations imposed by the six-direction procedure.
ADHD frequently cooccurs with other psychiatric disorders, including ODD [20] . Our sample size was not sufficient to address the effects of ODD or ADHD subtypes separately. Five of the 17 ADHD children in our sample had received stimulant medication, but removing these patients did not change the observed effects. Although ADHD is more prevalent in males, subsequent studies may assess whether differing rates of myelination during development in males and females influence results [21] . Finally, white matter ROIs were unavailable for the cerebellum, a region widely implicated in ADHD [7] . Despite these limitations, our research reveals important information to drive future tractography studies investigating attentional circuits in ADHD.
Conclusion
This study supports that motor and attentional networks are selectively disturbed in ADHD. Reduced FA in the corticospinal tract and the superior longitudinal fasciculus may contribute to symptoms of reduced attention, impulsivity, and hyperactivity in the disorder. 
